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Chromosomal translocationGenetic alterations like point mutations, insertions, deletions, inversions and translocations are frequently
found in cancers. Chromosomal translocations are one of the most common genomic aberrations associated
with nearly all types of cancers especially leukemia and lymphoma. Recent studies have shown the role of
non-B DNA structures in generation of translocations. In the present study, using various bioinformatic
tools, we show the propensity of formation of different types of altered DNA structures near translocation
breakpoint regions. In particular, we ﬁnd close association between occurrence of G-quadruplex forming mo-
tifs and fragile regions in almost 70% of genes involved in rearrangements in lymphoid cancers. However,
such an analysis did not provide any evidence for the occurrence of G-quadruplexes at the close vicinity of
translocation breakpoint regions in nonlymphoid cancers. Overall, this study will help in the identiﬁcation
of novel non-B DNA targets that may be responsible for generation of chromosomal translocations in cancer.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Cancers are typically associated with various kinds of genetic mu-
tations which help in its progression and development. These alter-
ations include point mutations, insertions, deletions, inversions and
chromosomal translocations. A chromosomal translocation involves
exchange of segments between two heterologous chromosomes [1].
Typically it results in the deregulation of important cellular genes as
a result of its juxtaposition to enhancer/promoter elements, or in
novel fusions [2–5]. It has been well studied that cancers of hemato-
poietic origin are characteristically associated with the presence of
unique chromosomal translocations. Other neoplasia like sarcomas,
myelomas and very recently the carcinomas, have also been shown
to possess translocations and gene fusions, which are responsible
for their pathophysiology [6–8]. The BCL2-IgH translocation is a ge-
netic hallmark of follicular lymphoma and results in the up regulation
of the anti-apoptotic, BCL2 gene [9–11]. The Philadelphia chromo-
some is another common gene fusion between the BCR and ABL
genes, associated with chronic myeloid leukemia, and leads to the
formation of an activated tyrosine kinase, which disrupts the normal
signaling cascade within a cell [1,12,13]. More than 500 chromosomal
translocations have been identiﬁed so far, and many are yet to be un-
covered, especially in carcinomas [2].
Conventionally, DNA in our genome exists in the B-form,
exhibiting Watson–Crick hydrogen bonding. However, variousaghavan).
rights reserved.non-B DNA structures like G-quadruplexes, triplexes, cruciforms,
hairpins, Z-DNA etc. are slowly being recognized to play crucial
roles in the regulation of many cellular processes (Fig. 1) [14–17].
The role of G-quadruplexes in transcription and telomeric stability
is well characterized [18,19]. Very recently, G-quadruplex structures
were shown to be responsible for the fragility of the BCL2mbr peak I re-
gion involved in the t(14;18) translocation in follicular lymphoma
[20–22]. Presence of G-loop structures in the c-MYC (MYC) promoter re-
gion has also been suggested to impart fragility leading to translocations
[23]. In addition, palindromic AT‐rich repeats (PATRRs) are also shown
to be involved in t(11;22)(q23;q11) and many other translocations
[24,25]. PATRR11 on 11q23 can form a cruciform DNA structure in
vitro as well [25].
Although chromosomal translocations were discovered more than
half a century back, very little is known about the mechanism of its
generation. Studies have identiﬁed genetic hotspots or fragile regions
throughout the genome, which are more susceptible to breaks and
are frequently involved in translocations [21]. Bioinformatics studies
have suggested the propensity of formation of many non-B DNA
structures throughout the genome [26]. However, their possible role
in imparting fragility leading to chromosomal translocations has not
been well studied.
In the present study, using a web based database approach and
analytical tools we show a direct correlation between the occurrence
of altered DNA structures and the cause of fragility at many of the
translocation breakpoint regions. Further, we speciﬁcally determine
the incidence of G-quadruplex DNA structures particularly in several
fragile regions of lymphoid origin and identify several G-quadruplex
DNA forming motifs in these regions. Hence, this study has attempted
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Fig. 1. Schematic representation of the different non-B DNA structures in the genome. A. G-quadruplex DNA (tetraplex) structures can be formed when at least four stretches of
guanines are present in the DNA. Guanine tetrad formation is dependent on Hoogsteen hydrogen bonding at N7 position. A quadruplex can be either intramolecular (as shown
here) or intermolecular based on the number of strands involved. B. Cruciform DNA can be formed by inverted repeats. The center of symmetry in each strand of the inverted repeat
folds and adopts an intramolecular B-helix, which is usually capped by a single-stranded loop at the top. C. Slipped DNA structures are formed due to misalignment of direct repeats.
D. Intramolecular triplex DNA (H-DNA) are three-stranded DNA structures and can be formed by polypurine–polypyrimidine sequences with mirror repeat symmetry. Hoogsteen
hydrogen bonding is involved in the formation of triple helical DNA. E. Z DNA is a left-handed double-helical DNA structure with a zigzag pattern of base stacking. It is formed by the
regions of alternating pyrimidine–purine, (YR–YR)n sequences at speciﬁc salt and moisture conditions.
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in understanding the mechanism of generation of several chromo-
somal translocations, which have remained unknown so far.
2. Results
2.1. Distribution of non-B DNA structures across species
It is believed that at least 2–5% of our genome may possess non-B
form of DNA. Several altered DNA structures like G-quadruplexes, tri-
plexes, cruciforms, Z DNA etc. have been speculated to be present in
our genome (Fig. 1) [14–17]. Comparison of the different types of al-
tered DNA structures found in the genomes across different mamma-
lian species showed a similar pattern of distribution except in mouse
genome, suggesting that the propensity to form altered DNA struc-
tures is comparable among the species (Suppl. Fig. 1) [26].
2.2. Non-B DNA structures and chromosomal translocations
The role of non-B DNA structures in genomic fragility during chro-
mosomal translocations is an area of active investigation. Few evi-
dences have been reported recently, which support the possible
contribution of these structures towards generating genomic instabil-
ity in cancers [21,23,24,27]. In order to test in silico, the occurrence of
altered DNA structures in the genes known to be extensively involved
in translocations, we mapped patient breakpoint regions from the
data available in literature, using TICdb and COSMIC databases (data
not shown). In addition, we also plotted various non-B DNA structures
present at or near the patient breakpoint regions for genes involved in
both lymphoid and non-lymphoid chromosomal translocations using
non-B DB database (Figs. 2–4). We observed the presence of several
non-canonical DNA structures within or near themajor breakpoint re-
gion clusters in 10 of the 11 translocation associated genes studied like
RET, NCOA4, BCR, FGFR1, ABL1, E2A (TCF3), CCDC6 etc. in lymphoid can-
cers (Fig. 3). Interestingly, we did not ﬁnd the presence of any non-B
DNA structure in the PDGFRA-exon 12 breakpoint region, suggesting
an alternate mechanism for generation of the translocation (Fig. 3A).
In the absence of any non-B DNA structure in this region,we can consid-
er PDGFRA-exon 12 as a control for a region undergoing translocation byusing amechanismother than that proposed in the present study. Out of
all the different types of altered structures, G-quadruplexes were found
to be most frequently present near the mapped breakpoints in at least
13 breakpoint regions analyzed. In a fraction of the other cases like
BCR intron 14, CCDC6 intron 8, ABL1 intron 1 and NCOA4 intron 7,
breakpoints were found near other altered structures like inverted and
A phased repeats.
In case of genes involved in the non-lymphoid translocations,
many of the patient breakpoint junctions are not well characterized.
However, the major fragile sites are known and these were mapped
along with the identiﬁed non-B DNA structure motifs for various
genes. Results showed the propensity of several non-B DNA structures
to be formed within or near the fragile sites in all the 7 breakpoint re-
gions studied, which probably act as a trigger for undergoing breaks
and further generation of translocations (Figs. 2, 4). Interestingly, in
these cases, the fragile sites were ﬂanked by different types of DNA
structures and hence, the breaks could be contributed by formation
of one or more non B DNA structures. Except for ETV and TMPRSS2
genes, all other breakpoint regions studied have amore or less random
distribution of different structures like Z-DNA, inverted and A-phased
repeats around the patient breakpoints (Fig. 4).
2.3. G-quadruplexes during chromosomal translocations
Recent studies have shown the contribution of G-quadruplex struc-
tures in imparting genomic fragility during some of the most common
translocations in follicular and Burkitt's lymphoma [20,21,23]. In the
present study, we tried to validate the formation of such G-quadruplex
structures at the BCL2mbr and c-MYC (MYC) breakpoint region by using
previously described bioinformatic tools and found that we could indeed
identify the G-quadruplex forming motifs in these genes (Fig. 3A, B). We
further speciﬁcally looked into the possible connection between G-
quadruplexes and genomic fragility in some of the fragile regions like
BCL1(CCND1) MTC, E2A(TCF3), BCR intron 14, NCOA4 intron 7, HOX11,
ERG, FLI1, TMPRSS2 etc., which are associated with either lymphoid or
non-lymphoid translocations. The G-quadruplex forming motifs were
mapped both downstream and upstream of the breakpoint cluster region
and the distance between them was calculated. Results showed the oc-
currence of G-quadruplex forming motifs near the patient breakpoint
Fig. 2. Graphical representation of human genes involved in translocations of both lymphoid and non-lymphoid cancers, harboring different types of non-B DNA structures. The
circos plot depicts different genes involved in human cancers in the inner ring and various non-B DNA structures in the outer ring. Each gene has been assigned a color. The
arcs originate from different genes and terminate at different types of non-B DNA structures. The area of each colored ribbon depicts the frequency of that non-B DNA structure
in the particular gene.
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BCR intron 14, HOX11 etc., which are involved in translocations in lym-
phoid cancers (Figs. 5A, B). Interestingly, such a correlation could not be
drawn in case of the non-lymphoid cancers (Figs. 6A, B). Except
TMPRSS2 gene, which is involved in gene fusions in prostate cancers,
none of the other genes like ERG, FLI1, FUS, and EWSR1 showed the pres-
ence of G-quadruplex forming motifs within or at signiﬁcant distances
from the fragile regions (Fig. 6A). Overall these results suggest that
among all the non-B DNA structures, G‐quadruplexes are more fre-
quently foundnear breakpoint regions in the genes engaged in chromo-
somal translocations.
3. Discussion
Chromosomal translocations are genetic hallmarks of cancers es-
pecially those of the haematopoeitic origin. The exact cause of why
DNA breaks speciﬁcally in some regions leading to translocations isFig. 3. Graphical representation of 16 hotspot genomic regions prone to breaks during chrom
and their proximity to different non-B DNA structures are shown. The arrows represent the
non-B DNA structure and nearest breakpoint are 10 and 500 bp, respectively. B. Mapping of
to a G-quadruplex structure is shown. BCL2 mbr is already shown in literature to form a G
depicts a particular type of non-B DNA structure as indicated.poorly understood. The incidence of such genomic rearrangements
speciﬁcally in lymphoma and leukemia is generally shown to be due
to the presence of the RAG proteins or the V(D)J recombinase which
is expressed in the lymphoid cells in a stage-dependent manner
[22,28–30]. The RAG complex is a nuclease with known sequence
and structure speciﬁcity [21,31]. Studies have shown the involvement
of RAGs in generating DNA double-strand breaks (DSBs) in both se-
quence and structure-speciﬁc dependent manner, in the context of
chromosomal translocations [20,22,30,32–34]. Recent studies have
implicated AID (AICDA) to be another potential mediator for generat-
ing translocations. AID (AICDA) was found to be responsible for creat-
ing DSBs during the c-MYC (MYC)-IgH translocations in Burkitt's
lymphoma [35–38].
Since, RAG and AID (AICDA) proteins recognize altered DNA struc-
tures or single-strandedness in the DNA and lead to breaks, we wanted
to testwhether presence of non-BDNA structures inﬂuence genomic in-
stability with respect to translocations. Using several bioinformaticsosomal translocations in lymphoid cancers. A. Mapping of reported patient breakpoints
position of the breakpoint junctions. The minimum and maximum distances between a
reported patient breakpoints for BCL2major breakpoint region (mbr) and its proximity
-quadruplex structure, hence validating our bioinformatics methods. Each colored box
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Fig. 4. Graphical representation of 7 genomic hotspot regionswhich are involved in chromosomal translocations in non-lymphoid cancers. The fragile regions and breakpoint positions reported
in patients and their vicinity to various non-B DNA structures are depicted. Each colored box depicts a non-B DNA structure as indicated. The arrows represent the positions of breakpoint
junctions.
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both BCL2 mbr and c-MYC (MYC) genes, as reported previously
[20,22]. Further, upon analyzingmany other geneswhich are associated
with translocations in both lymphoid and non-lymphoid cancers, we
found several putative non-B DNA structure forming motifs in these
breakpoint regions. We also observed a signiﬁcantly high frequency ofoccurrence of such structures near many of the mapped patient
breakpoint regions. More interestingly, the current study showed an in-
teresting correlation between the presence of potential G-quadruplex
forming motifs and frequency of the patient breakpoints near them. It
is important to note that few recent studies have shown evidence for
the importance of such G-quadruplex DNA in causing chromosomal
Sl. 
No.
Name of 
A
B
gene
Chr. 
No.
Name of 
Translocation
Length of 
breakpoint 
regions(bp)
No. of G-
quadruplexes
Nearest G-quadruplex 
from 3G Sequence (bp)
Nearest G-quadruplex 
from 2G Sequence (bp)
Ensembl
Sequence ID
3Gs 2Gs Upstream Downstream Upstream Downstream
1. BCL2 mbr 18 t(14,18) 150 1 6 ~24300 ~12000 ~700 ~700 60793432 - 
60793581
2. c-MYC 8 t(8,14) 1680 6 52 ~1100 ~350 0 0 128748528 - 
128749549
3. BCL1 MTC 11 t(11,14) 170 0 3 ~1600 ~3800 0 ~400 69346747 - 
69346916
4. E2A 19 t(1,19) 243 2 9 ~2153 ~500 ~30 ~30 1617706 - 
1617948
5. BCR
Intron 14
22 t(9,22) 1281 2 19 ~146 ~510 ~146 0 23632416 - 
23633696
6. NCOA4
Intron 7
10 inv(10)(q11.2;q11.2) 976 0 12 ~3024 ~25000 ~594 ~409 51583492 - 
51584467
7. HOX11 10 t(10,14) 486 5 23 ~4100 ~2000 ~200 ~100 102890733 - 
102891218
Fig. 5. Proximity of G-quadruplexes to the translocation breakpoint regions in lymphoid cancers. A. The table represents few selected genes, theirmajor breakpoint regions and distance of
the G-quadruplex structures in the vicinity of these fragile regions as seen in lymphoid cancers. The number of G-quadruplex forming motifs (3G) within the breakpoint regions is indi-
cated (For BCL2 mbr-1, c-MYC (MYC)-6, E2A (TCF3), BCR intron 14–2 and HOX11-5). However, BCL1 (CCND1) MTC and NCOA4 intron 7 do not show the presence of any 3G plate G-
quadruplex structures. Distance of the next nearest G-quadruplex from the existing 3G or 2G quadruplex structures is also shown. B. Circos plot depicting the occurrence of G-
quadruplex in genes involved in lymphoid cancers. Each gene is color coded and the area of the ribbons depicts the frequency of G-quadruplexes within these genes.
77V.K. Katapadi et al. / Genomics 100 (2012) 72–80translocations. The BCL2 mbr was shown to form a G-quadruplex DNA
structure, susceptible to breaks by the RAG complex [20,22]. Similarly,
the c-MYC (MYC) breakpoint region has also been suggested to form
G-loop structures, which are responsible for their susceptibility to
breaks [23]. Palindromic AT Rich Repeat (PATRR) associated genomic
instability has been implicated in causing the recurrent t(11;22)(q23;
q11) translocation [24,25,39]. In addition, cruciform DNA structurehas been found to form at 11q23 in vitro and suggested to be responsi-
ble for translocations in this region [24,25,39]. Although non-lymphoid
genes also had the propensity to formmany non-B DNA structures near
the fragile regions, we found limited evidence for the role of G-
quadruplexes in causing fragility in these regions, unlike those of the
lymphoid cancers. This suggests that in the non-lymphoid cancers
some other mechanism could be playing a role in causing DNA breaks.
Sl. 
No
Name of 
A
B
gene
Chr
No.
Name of 
Translocation
Length of 
breakpoint 
regions (bp)
No. of G- 
quadruplexes
Nearest G-quadruplex 
from 3G Sequence (bp) 
Nearest G-quadruplex from 
2G Sequence (bp) 
Ensembl
Sequence ID 
3Gs 2Gs Upstream Downstream Upstream Downstream
1. ERG
Cluster 1
21 del(21)(q22.2-3) 540 0 1 ~2090 ~6204 ~430 ~201 39762869-
39763408 
2. ERG
Cluster 5
21 t(21,22) 1140 0 8 ~6442 ~4399 ~494 ~17 39947549-
39948688 
3. FLI1
Cluster 1
11 t(11,22) 1241 0 18 ~7360 ~2096 ~3 ~330 128642835–
128644075
4. FLI1
Cluster 2
11 t(11,22) 1533 0 14 ~1212 ~9822 ~130 ~409 128651887-
128653419
5. TMPRSS2
Cluster 1 
21 inv(21)(q22.2;q22.3) 584 5 26 ~111 ~223 ~0 ~8 42879465-
42880048
6. FUS
Cluster 1
16 t(12;16)(q13;p11) 1140 0 41 ~653 ~5499 ~88 ~432 31195585-
31196724
7. EWSR1
Cluster 1
22 t(11,22) 1020 0 9 ~5673 ~1384 ~483 ~529 29683078-
29684097
Fig. 6. Proximity of G-quadruplexes to the translocation breakpoint regions in non-lymphoid cancers. A. The table represents few selected genes, their major breakpoint regions and
distance of the G-quadruplex structures in the vicinity of these fragile regions as seen in non-lymphoid cancers. Distance of nearest G-quadruplex from the hotspot region is
mapped for both 2G and 3G plate quadruplex structures. B. Circos plot depicting the occurrence of G-quadruplex in genes involved in non-lymphoid cancers. Each gene is color
coded and the area of the ribbons depicts the frequency of G-quadruplexes within these genes.
78 V.K. Katapadi et al. / Genomics 100 (2012) 72–80Alternatively, interaction between the other non-B DNA structures,
ﬂanking the fragile regions, could also impart instability to these
regions.
Overall, this study demonstrates a direct correlation between the
presence of non-B DNA structures, especially G-quadruplexes, and the
occurrence of fragility of several genes involved during chromosomaltranslocations in cancers. These results will help in further deciphering
the mechanism of generation of chromosomal translocations in many
cancers which have not been studied so far. In addition, this study also
describes few useful bioinformatic tools and approaches, which can be
used to study the presence of altered DNA structures in the genome
and its impact on genomic instability.
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4.1. Translocation breakpoint analysis
To analyze translocation breakpoint junctions, we retrieved data
sets from specialized databases like TICdb and COSMIC [40–42]. TICdb
has awidespread collection of translocation breakpointswhich are ﬁne-
lymapped and has around 1445 different breakpoints fromdifferent re-
ciprocal translocations. Entrez Genewas used to search genes of interest
along with information of all the partner genes involved during the
translocation. These are indicated by HGNC name of both partner
genes with either their GenBank ID or Pubmed ID for the junction se-
quence. Further, for each partner gene, the fragment containing the
breakpoint with an Ensembl transcript ID along with intron/exon num-
ber and the position of the breakpointwas obtained. The other database
used in the studywas COSMIC,whichhas curated information of somat-
ic mutations in human cancers. This database has integrated Biomart
which allows automated datamining and integrationwith other biolog-
ical databases making higher end analysis possible. The gene name was
entered in the search ﬁeld and in the section “Rearrangement mutation
summary” the name of the partner gene was selected to obtain com-
plete information regarding the partner chromosome, number of pa-
tient samples analyzed and the total mutation junctions reported.
cDNA sequence was retrieved and used for further mapping of
breakpoints. With the above data, respective gene exon/intron se-
quence retrieval was carried out respectively using ENSEMBL and NCBI.
4.2. Non-B DNA structure analysis
To analyze formation of different types of non-B DNA structures in
the retrieved gene sequence, a specialized database, non-B DB was
used [26]. Non-B DB helps in integrating annotations and enables
analysis of non-B DNA structure forming sequence motifs. Non-B
DNA motif search tool (nBMST) was used wherein the non-B DNA
motifs of interest were selected, their sequence added and the results
obtained were used for further analysis. As non-B DB could not detect
G-quadruplex with 2G repeats, another database named Quadbase
[43] that is specially designed to analyze quadruplex motifs, was
used. Pattern ﬁnder tool was used in our analysis by feeding the se-
quence data and adjusting the parameter to 2G or 3G.
In order to validate the results obtained from online database,
Quadparser programme was used [44], which is a powerful computer
algorithm to easily identify PQS from a large genomic data in FASTA
format. In the command line interface (terminal on Mac OS X, com-
mand line on Windows), ‘Quadparser’ program was executed and
the following parameters were used.
C:\xxxxxxxx\quadparser.exe bﬁlename> bbases> b# bases in
repeat> brepeats in sequence> bmin gap size> bmax gap size>
boutput ﬁle>
4.3. Mapping of translocation breakpoint and Non-B DNA structure
The breakpoint position and fragile region information obtained
from TICdb and COSMIC databases were mapped on to the manually
retrieved sequence. Different non-B DNA structures detected using
non-B DB and Quadbase were also mapped onto the sequences
retrieved.
4.4. Distance mapping of nearest G-quadruplex around breakpoint
regions
TheG-quadruplex forming sequencewasmapped both downstream
and upstream of the breakpoint cluster and the distance between them
was calculated. G-quadruplex structures can be formed by repeats of 2G
or more, and it is also known that for higher stability of the structure, a
repeat of more than 3G is preferred. Therefore, we performed ouranalysis for both 2G and 3G repeats, separately. The results obtained
by the analysis of the breakpoint cluster of selected genes were then
tabulated. The data was further analyzed using Circos [45].
4.5. Circos analysis
Circos is a program used for visualizing data and information in a
circular layout which makes it ideal for exploring relationships be-
tween positions or objects [45]. It assists the identiﬁcation and analy-
sis of relationships and differences arising from comparisons of
genomes. This tool is used to show the variation in genome structure
and any additional positional relationships between genomic inter-
vals. The display of relationships between pairs of positions is facili-
tated by a circular ideogram layout by circos, with the use of
ribbons, which encode the position, size, and orientation of related
genomic elements [45]. It was primarily designed for displaying ge-
nomic data, mainly cancer genomics and comparative genomics and
molecular biology. With its special features it addresses classic chal-
lenges in representing such data, which tend to be very sparse and
encompass a large number of length scales.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ygeno.2012.05.008.
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